A new method of fabricating atomic force microscope (AFM) probe tip is presented. In this process, the probe tips were implemented using self-aligned heavily boron-doped silicon cantilevers in a 110 bulk silicon wafer. In this structure, a stress-free cantilever can be easily defined by selective etch stop by the heavily boron-doped region in an anisotropic silicon etchant. The proposed tips do not require expensive silicon on insulator (SOI) wafers and double-side alignment. The probe tip dimensions can be exactly defined regardless of wafer thickness by the self-aligned etch from the front side. In addition, the cantilever thickness can be easily controlled by adjusting the diffusion time, and fabricated at low cost by using bulk silicon wafers. The fabricated probe tips showed resonant frequencies of 71.420 kHz with a 1.8-µm-thick probe tip and 122.660 kHz with a 3.0-µm-thick probe tip. Using the two fabricated probe tips, we successfully demonstrate image scanning of a 1 µm grating reference sample in contact and noncontact modes, respectively.
Introduction
The atomic force microscope (AFM) is not only a powerful tool for observing surface topology with nanometer resolution but also a good candidate for various applications such as high-density data storage 1) and nanolithography. 2) Typically, most previous AFM probe tips were made of silicon on insulator (SOI) wafers using back-side anisotropic silicon etching. 3) Because of this, the wafer cost is high, the dimension control is poor and the cantilever length and thickness are affected by variations in wafer thickness and etch rate. Instead of using a buried oxide layer in SOI wafers as an etch stop for anisotropic etchant, a heavily boron-doped layer can be used as an etch-stop layer. For the heavily boron-doped cantilever realized in 100 silicon wafers, there is a silicon barrier at the back of the cantilever as a result of anisotropic etch characteristics as shown in Fig. 1(a) . Back-side alignment is essential in the case of 100 and SOI wafers. By using 110 silicon wafers, probe tips are released in anisotropic etchant, as the 111 face is located perpendicular to the cantilever as shown in Fig. 1(b) . In this paper, we propose a new fabrication process in which probe tips are formed self-aligned to the p + (heavily boron-doped) cantilevers from the front etch of a 110 bulk silicon wafer.
Design and Fabrication
AFM images can be obtained in two modes: contact mode and noncontact mode. These modes have different applications, and thus the probe tips used in the two modes should differ in mechanical characteristics such as force constant and resonant frequency. 4) In the contact mode, the cantilevers which have low force constant (0.01 N/m-10 N/m) are used to prevent sample damage. The resonant frequency of cantilevers used in the contact mode is [a few kHz to a few tens of kHz]. In the noncontact mode, the cantilevers which have relatively high force constant (a few N/m-a few tens N/m) are used to prevent the tip from touching the sample. The resonant frequency of the cantilevers used in the noncontact mode is a few hundred kHz. In this paper, we designed two types of probe tips for the contact mode and noncontact boron diffusion time. Figure 5 shows the cantilever thickness dependence on to the diffusion time determined experimentally and by simulation and simulation using ATHENA, 9) modes by changing the cantilever thickness while keeping the other dimensions fixed, because the mechanical properties of a cantilever are very sensitive to the cantilever thickness. Figure 2 shows the resonant frequency and force constant of cantilevers according to the cantilever thickness simulated using ANSYS 5) 5.1, produced by ANSYS Inc., which is a mechanical simulator widely used in mechanical analysis. The simulation results are slightly different from the theoretical ones because we used simple equations in the theoretical analysis. We determined the cantilever thickness to be 1.5 µm for the contact mode and 3.0 µm for the noncontact mode by referring to the graph in Fig. 2 . Figure 3 shows the fabrication process flow of the proposed AFM probe tips. The starting material is a 110 bulk silicon wafer. A 1-µm-thick layer of thermal oxide is grown on both sides of the wafer and patterned on the top using buffered hydrofluoric (BHF) acid to form the silicon etch mask for tip formation. The silicon tips are formed by SF 6 /O 2 reactive ion etch (RIE), as shown in Fig. 3(b) . To achieve high-resolution images, the tip radius must be smaller than 50 nm and the aspect ratio of the tip must be higher than 3.
6) The shape of the tips can be optimized by adjusting the gas flow ratio of SF 6 /O 2 .
7) The flow rate of SF 6 is 20 sccm and that of O 2 is 13 sccm, and the process power is 150 W while the working pressure is 150 mTorr. Figure 4 shows a scanning electron microscope (SEM) micro photograph of the enlarged picture of the tip fabricated using reactive ion etching. The aspect ratio of the tip is about 3 and the radius at the end of the tip is within 100 nm.
Next, thermal oxide is grown and patterned to form a mask for selective diffusion. A 4000 Å thermal oxide layer was grown at 950
• C for the tip sharpening effect during thermal oxidation. Above this temperature, oxide begins to reflow and the tip sharpening effect due to oxidation is not effective. 8) With this oxide as a mask, the cantilever region is defined by selective boron diffusion from a solid source as shown in Fig. 3(c) . This boron diffusion region is used as a selective etch stop layer in the following bulk micromachining process. Heavily boron-diffused silicon (>7 × 10 19 cm −3 ) has a significantly lower etch rate than intrinsic silicon in ethylene diamine pyro-cathechol (EDP) etchant.
The cantilever thickness can be controlled by changing the ness can be well maintained because the p + diffusion layers are defined after tip formation.
In the anisotropic etch step, silicon wafers are etched from the front. This enables the tip dimension to be defined accurately from the self-aligned front etch during the EDP etch process. In previous approaches, silicon was etched from the back using double-side alignment; therefore, the cantilever dimensions varied due to the wafer thickness variation, as depicted in Fig. 7 . For example, in the case of 4 inch wafers, the is deposited on the backside of the cantilever to enhance the reflectivity of the surface.
Results and Discussion
In the proposed structure, p + cantilevers are used as a selfaligned etch stop layer in the EDP etchant instead of the buried oxide layer used in SOI wafers. It enables reduction of the raw material cost. In addition, the cantilever thickness can be accurately defined by adjusting the boron diffusion time. In the previous approaches using SOI wafers, the top silicon layer thickness is fixed and cantilever thickness is subject to change by etch rate variations or nonuniform etch rates during tip formation. However, in our process the cantilever thickproduced by SILVACO, which is the simulator used in our semiconductor process simulation. Boron diffusion for 4 h resulted in a 2.5-µm-thick cantilever after release in the EDP etchant. In Fig. 5 , the difference between the simulation results and experimental results increases with increasing diffusion time. This is because we assumed that the etch stop occurred at the point where the boron concentration is 7 × 10 19 /cm 3 , while actually the etch rate of silicon slowly decreases as the boron concentration is increases.
Finally, silicon wafers are anisotropically etched in the EDP solution and the p + cantilever probe tips are released, as shown in Fig. 3(d) . Thermal oxide is grown and patterned for the anisotropic etch mask. Additional tip sharpening is performed by thermal oxidation. In patterning the masking oxide, a 10-µm-thick photoresist is used to prevent the oxide at the end of the tip from being etched in buffered hydrofluoric acid. In this final etch process, silicon wafers are etched from the front as well as the back. From the front side, the cantilever edges are aligned with the 111 plane, resulting in the self-aligned etch stop at the 111 side wall. From the backside, silicon is blank-etched until the 111 etch-stop plane is met from the front, causing the final wafer thickness to be reduced by half. Figure 6 shows this etch-stop plane below the edge of the cantilever tips. We can see that the 111 plane of the wafer is perpendicular to the probe tip. After the cantilever is released in the EDP solution, 200 Å/1000 Å Cr/Au typical wafer thickness variation is about 50 µm and it introduces the variation in the cantilever length by about 35 µm. However, in the front self-aligned etch process using a 110 wafer, the (111) plane is perpendicular to the edge of the cantilever tips. Therefore, the cantilever length is not affected by the wafer thickness variation. In addition, the self-aligned front-etch process does not require expensive, cumbersome double-side alignment. The total bulk silicon etch time is also reduced by half because both the front and the back side of the wafer are etched simultaneously. Figure 8 shows the fabricated AFM probe tips.
With the fabricated probe tips, we successfully demonstrated image scanning. Figure 9 shows the scanned images of a reference sample with 1 µm gratings compared with a commercial AFM probe tip in both contact and noncontact modes. Resonant frequencies of the cantilever tips are measured and summarized in Table I with other cantilever dimensions. The resonant frequencies of the fabricated tips are 71.420 kHz in the case of the 1.8-µm-thick cantilever and 122.660 kHz in the case of the 3.0-µm-thick cantilever. And, the simulation results for these resonant frequencies are 76.230 kHz and 127.050 kHz, respectively. The difference in resonant frequency between experiment and simulation is within 10%. 
